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Photocatalytic NaAuCl4 reduction by ethanol with the participation of ZnO nanocrystals results in the 
formation of gold nanocrystals with the mean size of 25–30 nm. The strongly pronounced autocatalytic 
character of the process reflects the fact that the ZnO–Au nanostructure produced at the initial stage of 
the photoreaction is a much more efficient photocatalyst than the original ZnO nanocrystals. The charg-
ing of gold nanocrystals by photogenerated ZnO conduction band electrons is accompanied by the equili-
bration of Fermi energies of the metal and semiconductor resulting in the charge redistribution between 
the components of ZnO–Au nanostructure and photoinduced polarization of ZnO nanocrystals. A long 
lifetime of the charged state of ZnO–Au nanostructure reflects an exceptional capability of gold nanocrys-
tals to accumulate and retain negative charge. 
 
INTRODUCTION 
Modification of photoactive micro- and 
nanocrystalline semiconductors (TiO2, ZnO, 
CdS, ZnS, etc.) with metal nanocrystals (NCs) is 
a powerful tool of enhancing efficiency and se-
lectivity of the photocatalytic processes medi-
ated by these semiconductor materials [1, 2]. 
The catalytic action of metal NCs originates ei-
ther from the acceleration of interfacial conduc-
tion band electron (e−CB) transfer from a semi-
conductor to a substrate of the photoreaction as, 
for example, in case of TiO2/Pt [1] or ZnO/Pt [3, 
4] nanostructures, or in accumulation and retain-
ing of negative charge (TiO2/Au [1, 5, 6], ZnO–Au 
[4], ZnO/Ag [3], etc.). The latter factor favors to 
the redox-processes requiring a high potential 
barrier to be overcome and interferes to some 
extent with the electron-hole recombination in 
the semiconductor.  
Among the metal-semiconductor nanostruc-
tures, of special interest are those incorporating 
gold NCs such as TiO2/Au [7–11] and ZnO–Au 
[12–18] which possess unique charging capacity 
due to various chemical, photo- and electro-
chemical electron injection processes. These 
nanostructures find applications as redox 
photocatalysts [1, 2, 5, 6] and optical sensors 
[11, 15], in data storage systems [8, 9, 19] and 
non-linear optical media [12] as well as sub-
strates for the surface-enhanced Raman spec-
troscopy [15, 16].  
The metal-semiconductor nanostructures 
based on gold NCs are usually synthesized by the 
electrostatic binding of separately prepared metal 
and semiconductor NCs (ZnO–Au [4, 16, 18], 
TiO2/Au [5, 6, 9]), by deposition of a layer or 
separate NCs of gold onto the semiconductor sur-
face at the thermal reduction of gold(I, III) com-
pounds (ZnO–Au [15, 17], TiO2/Au [7, 8, 20], 
ZrO2/Au [7]) or vice versa by the deposition of 
semiconductor nanoparticles onto gold NCs 
(Au/CdS [21, 22], Au/ZnO [13, 14]).  
To prepare the metal-semiconductor 
nanostructures with advanced photocatalytic 
properties. a photochemical approach is 
widely used employing the photocatalytic re-
duction of metal compounds with the partici-
pation and on the surface of photoactive semi-
conductors − TiO2, ZnO, CdS, ZnS, etc. [19]. 
In regard to the gold-based nanostructures, 
this approach was applied to synthesize 
ZnS/Au [24] and TiO2/Au nanostructures [10, 
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11] as well as to change the size of gold NCs 
in TiO2/Au nanocomposites [8, 9].  
At the same time, the photocatalytic reduction 
of gold compounds with the participation of 
nanocrystalline zinc oxide, the formation and 
properties of ZnO–Au nanostructures have not 
yet become a subject of a detailed investigation. 
In this connection, we report on the photocata-
lytic reduction of NaAuCl4 by ethanol with the 
participation of colloidal ZnO NCs under 
UV light illumination. The photoprocess was 
shown to have distinct autocatalytic character 
and produce gold NCs with the average size of 
25–30 nm. The photo-produced ZnO–Au nanos-
tructures show the capability of photoinduced 
charging with electrons under stationary illumina-
tion even in the presence of molecular oxygen.  
EXPERIMENTAL 
Colloidal ZnO solutions in dry ethanol 
were synthesized from zinc acetate and NaOH 
and aged for 2 h at 55–60°С [25]. The average 
size of ZnO NCs was varied by changing the 
concentration of reactants in the range of 
2×10-3−2×10-2 M. 
Illumination of colloidal solutions was car-
ried out in the glass 10.0 mm optical cuvettes by 
the high-pressure 1000 W mercury lamp in a 
narrow spectral window of λ = 310–370 nm 
where the light intensity was I0 = 1.6×1018 
quanta per min.  
Absorption spectra were recorded with a Spe-
cord 210 spectrophotometer. Transmission elec-
tron microscopy (TEM) data were obtained with a 
Selmi PEM-125К (Ukraine) with the accelerating 
voltage of 100 kV. X-Ray patterns were regis-
tered on a URS-002 setup using copper Kα irra-
diation. Dynamic light scattering spectra were 
obtained using a Malvern Zetasizer Nano S at 
25°С. Solutions were illuminated by a He-Ne la-
ser at λ = 633 nm, the scattered light registered at 
an angle of 173°. 
RESULTS AND DISCUSSION 
Illumination of a colloidal ZnO solution con-
taining NaAuCl4 results in the extinction of the 
absorbance of gold complex with the threshold at 
450 nm (Fig. 1, curve 1) and simultaneous rising 
of a new band at 500–650 nm with a maximum at 
535–575 nm (Fig. 1, curves 2–9). The new band 
corresponds to the surface plasmon resonance 
(SPR) in gold NCs [26–31] indicating that the 
photoreduction of AuIII complex and formation 
of Au NCs take place in the system under ex-
amination. This reaction is of the photocatalytic 
nature because it requires both the illumination 
and the presence of ZnO NCs. 
 
Fig. 1. The absorption spectra of a colloidal ZnO 
solution containing NaAuCl4 before 
(curve 1) and after the illumination during 
30 (2), 60 (3), 90 (4), 120 (5), 150 (6), 
210 (7), 300 (8), and 360 s (9); 
[ZnO] = 2×10-3 M, [NaAuCl4] = 5×10-4 M 
 
 
The photoinduced formation of gold NCs is 
further confirmed by the examination of a Debye 
pattern of the photoproduct obtained after the 
solvent evaporation and soluble salts removal 
(Fig. 2a). The presented XRD photograph has 
patterns typical of both the hexagonal zinc oxide 
(labeled by indices on the figure) [32, 33] and 
the face-centered cubic gold [34]. 
According to TEM results (Fig. 2b), the 
photocatalytic NaAuCl4 reduction with the par-
ticipation of ZnO NCs produces gold NCs with a 
quite wide size distribution (10–60 nm) and the 
mean size of 25–30 nm (Fig. 2c). 
A volume-normalized dynamic light scatter-
ing spectrum presented in Fig. 2d reveals the 
presence of two sorts of particles in the solution 
after the photocatalytic process is finished − the 
main fraction of relatively small 4.5 nm particles 
and the secondary one of larger particles with 
the average size of 30 nm (Fig. 2d). 
The size of the first particle group correlates 
well with the average size of ZnO NCs calcu-
lated from the position of the absorption band 
edge in terms of a semi-empirical model pre-
sented in  [35]. This result of the model, in contrast 
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Fig. 2. (a) Debye diffraction photograph of the product 
of photocatalytic NaAuCl4 reduction with the 
participation of ZnO NCs. (b) A TEM photo-
graph of Au NCs produced by the photocata-
lytic reduction of NaAuCl4 over ZnO NCs. (c) 
The size distribution of the photoproduced 
Au NCs derived from the TEM results 
(230 measurements of separate NCs). (d) Size 
distribution plot based on the results of dynamic 
light scattering spectroscopy of a colloidal 
ZnO/Au solution. The solution was prepared 
due to illumination of a ZnO colloid (1×10-3 M) 
in the presence of NaAuCl4 (2.5×10-4 M) 
 to the effective mass approximation, agrees well 
with the reported experimental results on the rela-
tionship between the size d and the band gap Eg 
of ZnO NCs obtained by TEM and XRD [36, 37]. 
For Eg = 3.48 eV this model gives d = 4.4 nm. 
In view of the above-discussed TEM data 
(Fig. 2b,c), the second peak around 30 nm can 
be attributed to the photocatalytically produced 
Au NCs.  
Fig. 3a shows that the photocatalytic reduc-
tion of NaAuCl4 mediated by ZnO NCs has a 
pronounced autocatalytic character. The photo-
process, though being slow during the first 
100 s, gradually accelerates (100–200 s) and at 
t > 200 s stops with the entire present gold com-
plex quantitatively reduced to Au0. Some in-
crease in gold concentration is also observed in 
the dark after initial 100 s exposure of the solu-
tion to the photoexcitation. As shown below, this 
fact can be explained by the photoinduced 
charging of gold NCs rather than by their cata-
lytic properties.  
The presented results indicate that the 
ZnO–Au nanostructure generated at the initial 
stage of photoreaction is a much more active 
photocatalyst of NaAuCl4 reduction than original 
ZnO NCs. This is why, further photoreduction of 
AuIII complex would take place almost exclu-
sively on the surface of gold NCs contacting with 
the ZnO NCs. The advanced photocatalytic prop-
erties of ZnO–Au nanostructures in the reaction 
under study can be associated with the well-
known capability of gold NCs to accept conduc-
tion band electrons of zinc oxide NCs and to ac-
cumulate a negative charge [4, 8, 10, 26, 28] 
which can substantially promote three-electron 
reduction of NaAuCl4 to Au0. 
The conditions of photochemical experi-
ments were chosen so that the light absorption 
by colloidal solutions was incomplete, thus al-
lowing all the present ZnO NCs to be photoex-
cited and to participate in the photocatalytic re-
action. Under such conditions a uniform distri-
bution of gold among the ZnO NCs and forma-
tion of Au NCs equal in size to the photocatalyst 
NCs can be expected. Nevertheless, these as-
sumptions do not agree with the results of TEM 
and dynamic light scattering spectroscopy.  
The formation of a small number of rela-
tively large Au NCs can not be explained only 
by the agglomeration of smaller NCs. It can be 
seen from the XRD photograph (Fig. 2a) that 
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the gold-related bands are not substantially 
broadened, as can be expected for NCs smaller 
than 10 nm. The TEM image of the photopro-
duct also shows no signs of the Au NC agglom-
eration. On the contrary, isolated gold NCs 
with a well-defined polyhedral shape can be 
seen in Fig. 2b. 
In principle, one can assume that only a 
part of ZnO NCs gets involved into the photo-
catalytic process, for example, a fraction of 
smaller NCs with more pronounced photo-
chemical activity. This assumption, however, is 
not supported by the experimental results which 
showed the photoprocess rate to be invariable 
with the decrease in the mean size of ZnO NCs 
from 4.4 to 3.7 nm.  
Considering the above discussion, the photo-
catalytic formation of gold NCs, which are larger 
than the photocatalyst NCs themselves, can be 
interpreted in terms of simultaneous reactions of 
AuCl4− reduction by photogenerated conduction 
band electrons and oxidation of ultrafine Au NCs 
by valence band holes or dissolved oxygen. For 
example, oxidation of photodeposited gold by 
valence band holes in the similar system based on 
ZnS NCs and KAu(CN)2, facilitated by the pres-
ence of released cyanide ions, results in the equi-
librium character of the photocatalytic formation 
of Au NCs [23, 24]. In the system containing 
ZnO NCs and KAu(CN)2 the gold reduction is not 
observed at all what can be accounted for by a 
higher valence band potential of zinc oxide 
(EVB > 2.5 eV [3]) as compared to ZnS NCs 
(EVB = 1.6–1.7 eV [23, 24]).  
The oxidation of gold by the valence band 
holes of TiO2 NCs results in the enlargement of 
Au NCs [8]. The driving force of this process 
lies probably in the oxidation of a fraction of 
smaller gold NCs to AuIII by the photogenerated 
holes followed by the reduction of AuIII to Au0 
by the conduction band electrons and re-
deposition of gold on the surface of larger 
Au NCs [8]. Similar process can take place in 
the system under study. It should be noted that 
here not only the valence band holes of 
ZnO NCs but also molecular oxygen can act as 
an oxidizer of primary gold NCs.  
The position of SPR band maximum (λmax) 
of growing Au NCs undergoes a complex 
change in the course of photocatalytic reaction 
(Fig. 3b). It is well known that the SPR maxi-
mum of 10–30 nm gold NCs in ethanol pre-
pared without additional (photo)catalysts by 
AuCl4− reduction is positioned at λmax ≈ 520 nm 
[26–31]. The maximum of SPR band of the 
product of photocatalytic AuCl4− reduction with 
the participation of ZnO NCs appears at 
537 nm at the beginning of the photoprocess 
and shifts in the course of illumination to 
longer wavelengths. The "red" shift of λmax de-
velops in the first 200 s of illumination, that is, 
in a period of fast NaAuCl4 transformation (see 
Fig. 3а). At t > 200 s the shift of λmax becomes 
slower and then reverses its direction to shorter 
wavelengths. 
 
 
a 
 
b 
Fig. 3. (а) Kinetic curve of the photocatalytic formation 
of metal gold in the air-saturated colloidal ZnO 
solution. (b) The variation of the SPR band 
maximum position (λmax) in the course of the 
photocatalytic NaAuCl4 reduction.  
[ZnO] = 2×10 3 M, [NaAuCl4] = 5×10-4 M 
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The position of SPR band maximum is de-
termined mainly by the dielectric constant of a 
solvent and the density of free electrons Ne 
[26, 28] 
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where с is the light velocity in vacuum, me and 
e are the rest mass and charge of electron, ε0 is 
a wavelength-independent component of the 
dielectric constant of metal, and n0 is the refrac-
tive index of the solvent. 
A "red" shift of gold SPR band maximum 
produced in the photocatalytic reaction in the 
presence of ZnO NCs, as compared to λmax of 
Au colloids in ethanol prepared without cata-
lysts (520 nm), is typical of gold-
semiconductor nanostructures both with the 
"core-shell" structure [13, 14, 21] and formed 
by separate contacting metal and semiconductor 
NCs [4, 7, 10–12, 17]. For example, the 
TiO2/Au nanostructures show the SPR band 
maximum at 535–560 nm [7, 11], ZnO–Au − at 
540–570 nm [12, 14], CdS/Au − at 540–555 nm 
[21, 22], ZnS/Au − at 550 nm [23, 24], and so 
on. The longer-wave shift of λmax can be inter-
preted in terms of partial shielding of Au NCs 
by the semiconductors which have a higher re-
fraction index than that of the solvent. This ef-
fect can be accounted for by using an effective 
value of n0 in the expression averaging the ef-
fects of both the semiconductor and solvent 
upon the parameters of surface plasmon reso-
nance of gold NCs.  
According to [27, 29–31], the variation of 
λmax with the size of Au NCs is rather small for 
the range of 10–30 nm and can therefore be ne-
glected. Considering this fact, the reason for the 
long-wave λmax shift of growing Au NCs can lie 
in a change of their surface state. At that, a pos-
sible factor may be the adsorption of ZnO NCs 
on the surface of gold NCs. As the size of 
Au NCs increases, the number of ZnO NCs ad-
sorbed on the metal surface grows as well. This 
results in a more pronounced shielding of 
gold NCs from the solvent and an increase of 
the effective refractive index of dispersion me-
dium. This factor can also make a certain con-
tribution into the autocatalytic character of the 
photoprocess since it allows several ZnO NCs 
to inject photogenerated electrons into the adja-
cent Au NC. 
Another possible reason for the long-wave 
shift of λmax in the course of illumination can 
lie in the extinction of AuCl4− ions adsorbed 
on the surface of gold NCs. The adsorption of 
anions and neutral nucleophilic compounds on 
the surface of gold NCs is known to increase 
Na in a near-surface NC layer shifting λmax to 
shorter wavelengths [26, 28]. As the photo-
catalytic reaction proceeds, the AuCl4− anions 
are consumed resulting in a decrease of Na and 
the long-wave shift of the SPR band maxi-
mum. 
After complete transformation of NaAuCl4 
is achieved and the Au NCs completely grown, 
the illumination of solutions results in a short-
wave shift of λmax (Fig. 3b). The fact can be 
accounted for by the charging of gold NCs with 
electrons accepted from ZnO NCs. In a similar 
TiO2/Au0 system this phenomenon is observed 
even in the presence of an efficient electron 
acceptor − О2 [10], the fact reflecting an excep-
tional capability of Au NCs to accumulate and 
retain the negative charge [4, 22, 28]. 
On the final stage of the photoprocess the 
short-wave λmax shift is accompanied by a 
short-wave shift of the absorption band edge of 
ZnO NCs. This observation indicates that 
ZnO NCs become charged as well [3, 4]. The 
excess electrons occupy states near the "bot-
tom" of conduction band increasing in this way 
the energy of optical interband transition (the 
dynamic Burstein-Moss effect) [38, 39]. The 
charging of ZnO NCs indicates the Fermi level 
equilibration of the charged semiconductor and 
metal resulting in a partial redistribution of 
electrons between Au and ZnO NCs [3, 4]. 
When kept in the dark, both the absorption 
band edge of ZnO NCs and the SPR band 
maximum return to their long-wave positions 
indicating gradual discharge of  ZnO–Au nano-
structures (Fig. 4a).  
Another evidence of the Au NCs charging 
during the photoreaction is the formation of an 
additional quantity of gold when keeping the pre-
viously illuminated for a short time solution in 
the dark (Fig. 4b).  
It should be noted that exceptionally long 
(tens of hours) retention of the negative charge 
by the illuminated ZnO–Au nanostructures in the 
presence  of  oxygen  distinguishes  this  system  
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Fig. 4. (a) The absorption spectra of a colloidal 
ZnO/Au solution produced at illumination 
of ZnO colloid (1×10 3 M) in the presence 
of NaAuCl4 (2.5×10-4 M) during 4 min im-
mediately after the photoprocess termina-
tion (curve 1) and after keeping the solution 
in the dark for 5 (2) and 15 h (3). Inset: a 
magnified section of the absorption spectra 
corresponding to the absorption band of 
ZnO NCs. (b) The absorption spectra of a 
colloidal ZnO solution (2.5×10 4 M) con-
taining 2.5×10-4 M NaAuCl4 prior to 
(curve 1) and after 3 min illumination (2), 
as well as after keeping the illuminated so-
lution in the dark for 17 h (3) 
from its close analogues, such as ZnO/Ag [3, 
40] and ZnO/Cu [3, 25] where the photoin-
duced charging effect is observed only in the 
deaerated solutions and disappears promptly 
after the air admission. The results discussed 
are apparently the first evidence of the pro-
longed photoinduced charging of ZnO NCs un-
der the stationary illumination in the presence 
of molecular oxygen. 
CONCLUSIONS 
The photocatalytic NaAuCl4 reduction 
with the participation of ZnO NCs results in 
the formation of nanometer gold crystals with 
the average size of 25–30 nm. The distinct 
autocatalytic character of the photoprocess 
indicates that the ZnO–Au produced have 
much higher photocatalytic activity in AuIII 
reduction as compared with the original zinc 
oxide NCs.  
After the complete transformation of 
gold(III) complex the photoproduced Au NCs 
become charged by the photogenerated con-
duction band electrons of ZnO NCs. This 
process is accompanied by the equilibration of 
the Fermi levels of the metal and semi-
conductor and the photoinduced charging of 
ZnO NCs. The ZnO–Au nanostructure remains 
in the charged state for a long time (tens of 
hours) even in the presence of an efficient 
electron acceptor – molecular oxygen. The 
fact indicates an exceptional capability of 
gold NCs to accumulate and retain negative 
charge.  
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Фотокаталітичне утворення та фотоіндуковане зарядження 
наноструктур ZnO–Au 
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Фотокаталітичне відновлення NaAuCl4 етанолом за участю нанокристалів ZnO приводить до 
утворення наночастинок золота з середнім розміром 25–30 нм. Яскраво виражений аутокаталітич-
ний характер фотопроцесу свідчить про те, що наногетероструктури ZnO–Au, які формуються на 
початковому етапі реакції, є набагато ефективнішим фотокаталізатором, аніж вихідні нанокрис-
тали оксиду цинку. Зарядження нанокристалів золота електронами, фотогенерованими у зоні прові-
дності ZnO, супроводжується вирівнюванням рівнів Фермі металу та напівпровідника, перерозподі-
лом зарядів між компонентами наногетероструктури ZnO–Au та фотоіндукованою поляризацією 
нанокристалів ZnO. Тривале збереження зарядженного стану наноструктури ZnO–Au свідчить про 
виняткову здатність нанокристалів золота до накопичення та утримування негативного заряду. 
 
 
 
Фотокаталитическое получение и фотоиндуцированная зарядка 
наноструктур ZnO–Au  
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Фотокаталитическое восстановление NaAuCl4 этанолом при участии нанокристаллов ZnO при-
водит к формированию наночастиц золота со средним размером 25–30 нм. Ярко выраженный авто-
каталитический характер фотопроцесса свидетельствует о том, что формирующиеся на начальном 
этапе реакции наногетероструктуры ZnO–Au являются гораздо более активным фотокатализато-
ром, чем исходные нанокристаллы оксида цинка. Зарядка нанокристаллов золота электронами, фо-
тогенерированными в зоне проводимости ZnO, сопровождается выравниванием уровней Ферми ме-
талла и полупроводника, перераспределением заряда между компонентами наногетероструктуры 
ZnO–Au и фотоиндуцированной поляризацией нанокристаллов ZnO. Длительное пребывание наност-
руктур ZnO–Au в заряженном состоянии свидетельствует об исключительной способности нанокри-
сталлов золота к аккумулированию и удерживанию отрицательного заряда. 
 
